Introduction
Reduced Expression of CRP in an hns, stpA In all cells the genetic information stored in DNA is orgaDouble Mutant E. coli Strain nized in folded and compacted complexes with proteins.
Previously, we showed that growth rate was reduced in The chromosomes in the eukaryotic nucleus are folded hns and especially in hns, stpA mutant E. coli strains, with the nucleosome and its histone proteins as the and we also found that overexpression of CRP could basic unit (reviewed by Kornberg and Lorch, 1999). The restore some of the reduced expression of the maltosenucleosome is described as the focal point of transcripregulon in an hns, stpA double mutant strain (Sondé n tional control, and it may be involved in both gene activaand Uhlin, 1996; Johansson et al., 1998). This finding tion and repression. In bacteria there is no such nucleoprompted us to monitor the growth rate of strains supsome, but the DNA is nevertheless organized in a plemented with extra copies of the crp gene, and we nucleoid body with particular proteins in the cell (Pettiused a plasmid (pHA7) containing the crp gene under john, 1996). A few proteins essential to the organization the control of a vector-based promoter. The plasmid of the nucleoid (denoted histone-like or nucleoid-associwas introduced into a wild-type (BSN26) and an hns, ated proteins) have been identified (reviewed by Drlica stpA double mutant strain (BSN29). The results (Table  and Rouviere Western blot experiments to characterize the amount of CRP in E. coli with different genotypes (see Experimental to find any differences in the crp promoter region of the Sgd strain JGJ301 as compared with the parental hns, Procedures). The level of CRP was reduced in an hns, stpA strain (BSN29) (data not shown). Therefore, we stpA strain (BSN29) to about 35% of the level detected mapped the mutation by an approach previously dein the wild-type strain (BSN26) ( Figures 1A and 1B) , scribed by Kleckner et al. (1991) by first transducing the whereas it was reduced to about 50% and 70% of that Sgd strain with a phage containing a miniTn10 transpoof the wild type in the hns (BSN27) and the stpA (BSN28) son. Bacteriophage P1 was grown on the pool of transstrains, respectively. To determine if the effects exerted ductants and used to infect the hns, stpA strain BSN29. by the H-NS and StpA proteins occurred at the translaColonies displaying an increased colony size were furtional or the transcriptional level, we isolated total RNA ther investigated (see Experimental Procedures for deand performed Northern blot analyses with a probe comtails). We could thereby determine that the mutation was plementary to the 5Ј end of the transcribed crp gene positioned in the spoT gene, changing the alanine codon (see Experimental Procedures; Figures 1C and 1D) . In (GCA) at position 404 to a glutamic acid codon (GAA) accordance with the results obtained from Western blot (Figure 2A ). Both BSN29 and JGJ301, as well as their experiments described above, the largest difference in parent MC4100, displayed two additional differences crp mRNA level was detected between the wild-type from the published nucleotide sequence of spoT in and the hns, stpA strain. This strongly suggests that the MG1655 (Blattner et al., 1997 ). An insertion of CAGGAT effect of H-NS and StpA is exerted at the transcriptional after codon 82 resulted in an extra glutamine and asparlevel. It has been shown that the crp gene is under tic acid, and a change of codon 255 from CAC to TAC negative control by the Fis protein (Gonzalez-Gil et al., resulted in a tyrosine instead of a histidine. We con-1998). We therefore determined if the reduced level of cluded that the Sgd suppressor phenotype was caused crp observed was due to an increase in the level of fis by the novel A404E substitution. gene expression. However, when performing Northern
The SpoT protein displays a dual activity, since it blot analysis, we found an almost complete absence of is able both to synthesize and hydrolyze ppGpp and fis mRNA in strains lacking H-NS and StpA as compared provides the cell with basal levels of ppGpp during expowith the wild-type strain ( Figure 1E) . The parental strain, BSN29, however, was able to of CRP protein was increased ‫-5ف‬fold in the Sgd strain grow on such media, although the growth was slow as compared with the parental hns, stpA strain (Table 2) .
( Figure 2D ). Both the thin-layer chromatogram analyses and the minimal medium plate experiment indicated that Identification of the Sgd Suppressor Mutation the level of ppGpp in the Sgd strain JGJ301 was very low. as an Allele of the spoT Gene
To determine the effect of a mutation causing a totally In order to determine the genetic difference between disrupted function of the SpoT protein, we transduced the suppressor strain and the parental strain, we first the hns, stpA strain BSN29 with P1 grown on strain CF1693, which has a total deletion of the spoT gene sequenced the crp promoter. However, we were unable JGJ301 ( Figures 2C and 2D ). Taken together, our results suggested that the reduction of ppGpp in strain JGJ301 was due to loss of function of the SpoT protein.
ppGpp Affects the Transcriptional Initiation of P2crp
The finding that reduced levels of ppGpp led to an increased level of CRP prompted us to examine if the crp gene was under the negative control of ppGpp. Therefore, we performed primer extension analyses on RNA isolated from a wild-type (MG1655) and a relA (CF1652) strain during induction of the stringent response. The results ( Figures 3A and 3B) showed that the transcription of crp in the wild-type strain started from two promoters (P1crp and P2crp), as previously reported by GonzalezGil et al. (1998) . Thirty minutes after the onset of starvation, the transcriptional initiation at the promoter P2crp in a wild type was reduced to about two-thirds of the expression prior to the starvation. In contrast, the expression from the P1crp was almost unaffected throughout the duration of the experiment ( Figures 3A and 3B) . In a relA strain, the expression from both the P1crp and the P2crp promoters was essentially unaltered 30 min after the onset of starvation ( Figures 3A and 3B) . Altogether, these results demonstrate a detectable sensitivity of the promoter P2crp to ppGpp.
In order to investigate the transcriptional start points in the Sgd suppressor strain displaying an increased level of CRP, we performed primer extension analyses ( Figures 3C and 3D ) on RNA prepared from the wild-type (BSN26), the hns, stpA (BSN29), and the Sgd (JGJ301) strains. In the Sgd strain, transcription initiated at P2crp was comparable to the wild type, whereas the transcription from both P1crp and P2crp was reduced in the parental strain (BSN29). These results suggest that both the P1crp and P2crp promoters displayed a reduced ability to initiate transcription in strains lacking H-NS and StpA but that the removal of ppGpp in such a strain stable RNA is stringently regulated (Cashel et al., 1996 ). To determine if the level of stable RNA was affected in the hns, stpA strain (BSN29) and the Sgd strain (JGJ301), (Xiao et al., 1991) . The resulting strain, denoted JGJ320, displayed the same growth phenotype on both a rich both stable RNA and total protein (as a control) were analyzed. As summarized in Table 2 , the stable RNA/ TYS plate and on a minimal plate as the Sgd strain protein ratio was decreased in the hns, stpA strain as RNA Polymerase Mutants with "Stringent" Behavior In Vivo and In Vitro compared with the wild-type strain. Intriguingly, the Sgd strain displayed a stable RNA/protein ratio slightly The ppGpp 0 phenotype and the resulting inability to grow on minimal medium plates (Figure 2 ) of strain higher than that of the wild-type strain. Altogether, these results suggest that in strains lacking H-NS and StpA, JGJ301 allowed us to look for suppressor mutations that could restore growth. Based on the findings by the ppGpp-sensitive promoters display a reduced transcriptional initiation ability resembling that of the strinZhou and Jin (1998), we hypothesized that mutations in the RNA polymerase might give such a suppressor efgent response, even during growth at permissive (i.e., nonstringent) conditions. fect. rpoB mutants destabilizing initiation complexes at 4A and 4B ). Using DNA "stringent" RNA polymerase (Zhou and Jin, 1998). Such rpoB mutants were identified among mutants selected with the different topoisomer distributions as templates, we then performed in vitro transcription analysis to test for resistance to the drug rifampicin. In order to test if we could obtain putative "stringent" RNA polymerase how alteration in the DNA topology might affect transcription of the promoters by wild-type and "stringent" mutants, we selected rifampicin-resistant colonies on rich medium plates of the Sgd isolate JGJ301. Among RNA polymerases. Purified RNA polymerase from the "stringent" rpoB3449 mutant (Zhou and Jin, 1998) and a collection of 30 rifampicin-resistant isolates, we found that a third of them also had acquired the ability to grow from wild type was tested. Preliminary experiments with the P2crp promoter templates (plasmid pHA5) and on minimal medium plates. Our preliminary mapping studies with six of the isolates (unpublished data) conprimer extension analysis of the transcripts indicated that transcription with the "stringent" RNA polymerase firmed that they had alterations in the rpoB region previously shown to be altered in the "stringent" RNA polywas higher with the templates that had been subjected to topoisomer treatment in the presence of the higher merase mutants (Zhou and Jin, 1998). The results supported our conclusions about the ppGpp 0 status of amounts of H-NS (data not shown). A more direct analysis of transcripts could be done using plasmid pRLG862, the JGJ301 strain and prompted us to test the behavior of "stringent" RNA polymerase in vitro on promoter temwhich contains the well-established stringently controlled rrnBP1 promoter. The plasmid-encoded RNAI plates that had been differentially affected with respect to their topology by H-NS. transcript served as an internal standard. As shown in Figures 4C and 4D (lanes 1-5) , the topologically different The topology of plasmid DNA molecules containing the crp locus or the rrnBP1 promoter region was aftemplates gave quite similar results with the wild-type RNA polymerase. On the other hand, in the case of the fected by H-NS as evidenced by an assay employing topoisomerase treatment of the DNA. The topoisomer-"stringent" RNA polymerase, there was a clear difference in expression from rrnBP1 when topologically difase treatment causes relaxation of the supercoiled molecules, while H-NS can constrain supercoils without preferent templates were used ( Figures 4C and 4D, lanes  6-10) . The most relaxed forms obtained from topoisomventing the topoisomerase from gaining access to the DNA (Tupper et al., 1994) . With increasing amounts of erase treatment in the presence of low amounts of H-NS gave the lowest level of transcription, and the templates H-NS present, the supercoils were constrained to a that had more supercoils constrained during topoisomrplJ promoter (i.e., the operon coding for the L10 and L7/L12 proteins) also occurred in vitro when linear temerase treatment gave higher levels of transcription. We interpret these results to mean that the "stringent" RNA plates were used. However, transcriptional initiation at the rplJ promoter is apparently still sensitive to the acpolymerase-promoter interaction may be more dependent on the topological status of the DNA than that of . Furthermore, we found that the expression of some (Figures 5A-5C ). The expression pattern of many proproteins was nearly restored to wild-type (BSN26) levels teins is known to be affected by hns and stpA mutations in the Sgd strain JGJ301 as compared with the parental (Zhang et al., 1996) . Expression of the ribosomal proteins strain BSN29 in which the expression was almost abol-S1, S6, and L7/L12 appeared higher in the Sgd strain ished. With the help of the published 2D PAGE expres-(JGJ301) than in strains BSN26 and BSN29. The ribosion map of Escherichia coli (VanBogelen et al., 1992), somal protein promoters seem to be less affected by we could tentatively identify three of the five proteins the supercoiling status than the RNA promoters. Linn and Greenblatt (1992) showed that expression from the (numbers two, three, and four corresponded to PhoE, GrpE, and AraC, respectively) indicated by arrows in found a reduced expression of such genes in an hns, stpA strain as compared with a wild-type strain ( Figure  Figures 5A-5C . It remains to be determined if expression of these particular proteins is changed as a conse-1; Table 2 ). Interestingly, the reduced expression of stringent promoters in an hns, stpA strain was restored by quence of the altered CRP level and/or due to direct effects by ppGpp. Evidently the effects on global exa spontaneously occurring suppressor mutation in the spoT gene, resulting in a ppGpp 0 strain ( Figure 3C ; Table  pression , 1996) . This was also evident on glucose minimal medium, an otherwise isogenic pair of stringent and relaxed strains of E. coli showed a in our assay with the crp and rrnBP1 plasmids ( Figures  4A and 4B ). Based on our findings, we suggest that such similar relationship between ppGpp and DNA/RNA. This deviation has remained unexplained but might be due effects on supercoiling by H-NS/StpA would allow high expression from stringently regulated promoters, preto the link shown in the present work. The expression from the promoter P2crp was negaviously described to be supercoiling dependent (Ohlsen and Gralla, 1992a, 1992b; Figueroa-Bossi et al., 1998) .
tively controlled by ppGpp ( Figures 3A and 3B) , although the response was less than that found in other strinConsistent with this suggestion, the present work indicates that the ability to form a functional transcriptional gently regulated promoters. The partial response may be due to the lowered levels of Fis during the stringent initiation complex at stringent promoters declines in an hns, stpA strain. This could be explained by the inresponse, since Fis has previously been shown to decrease the transcriptional initiation of the P2crp procreased sensitivity of the RNA polymerase to ppGpp when the level of negative supercoiling is reduced (Ohlmoter ( observation that transcription from the P2crp promoter 1998; Zhou and Jin, 1998). The removal of ppGpp in a required supercoiled templates, whereas linearized temstrain displaying reduced negative supercoiling would plates only gave expression from the P1crp promoter cause increased expression from stringent promoters (Gonzalez-Gil et al., 1998). This finding is in line with since the ability of the RNA polymerase to form a stable previous reports demonstrating the requirement for transcriptional initiation complex at such promoters instringently regulated promoters of negative supercoilcreases in the absence of ppGpp (Ohlsen and Gralla, ing, probably since the RNA polymerase can melt the 1992a, 1992b). In the absence of H-NS and StpA, the DNA helix more easily if stringent promoters are kept in bacteria appear to face a situation resembling that of a a supercoiled conformation (Ohlsen and Gralla, 1992b; mild stringent response. However, the actual levels of Figueroa-Bossi et al., 1998). Furthermore, the Ϫ10 to ppGpp did not increase ( Figure 2B ). Instead, we suggest ϩ1 region of the P2crp (5Ј-GCCCCTTC-3Ј) displays exthat the levels of ppGpp normally present in E. coli exert tensive similarity to the consensus sequence described a stronger regulatory effect in strains displaying reduced for "discriminator" sequences at stable RNA promoters negative supercoiling. The results from in vitro transcrip-(5Ј-GCGCCNCC-3Ј), again consistent with stringent regtion analysis using DNA templates with different toulation of the promoter P2crp (Keener and Nomura, poisomer distributions provided additional support for 1996). this model. In the case of the "stringent" RNA polymer-
The isolation of the spoT(A404E) mutant strain is a ase, there was less transcription when the rrnBP1 DNA novel finding of a single base pair substitution that diswas in a less supercoiled state (Figures 4C and 4D) . rupts the function of the SpoT protein. This position In this work we also present evidence directly connect-(amino acid 404) was not included in the mutational ing the stringent response with the catabolite repression analysis performed by Gentry and Cashel (1996), but it system. The suppressor mutation spoT(A404E), which lies close to the suggested C-terminal limit of the ppGpp increased the growth rate and colony size of E. coli with synthesizing region. Further analyses of SpoT A404E may hns, stpA mutations, gave a phenotype that was partially reveal further functional properties of the SpoT protein. obtained also by overexpression of CRP (Table 1) . In a The sequencing of the Escherichia coli genome (Blattner previous study, we found that the level of CRP in an et al., 1997) provided a very powerful tool to further hns, stpA strain was a limiting factor in the regulation analyze the bacteria. For example, the study of gene array of lamB expression (Johansson et al., 1998), and in systems has shown how seemingly simple changes in agreement with that, we here show that the level of CRP growth conditions can markedly affect expression at the is reduced in an hns, a stpA, and in an hns, stpA strain transcriptional level (Tao et al., 1999) . We need to know (Figure 1) . The level of CRP was elevated in the suppresmore about how functional regulatory networks are consor strain isolated in this study (Table 2) , and we show nected in order to understand the physiology and reguthat this was due to an increased transcriptional initialation of the cells at a more systemic level. The interplay tion from the crp promoters, in particular from P2crp between different characterized modulons and regula- (Figures 3C and 3D tion between ppGpp and DNA/RNA ratios for cells grown Growth was monitored by measuring Klett units on a Klett Sum-RNA levels were determined by the orcinol method described by Schneider (1945 Primer extension was performed essentially as described by Gö rg/ml; kanamycin, 25 g/ml or 50 g/ml; rifampicin, 50 g/ml or ansson et al. (1989) . Twenty micrograms of total RNA was used in 100 g/ml; and tetracycline, 7.5 g/ml. Plates containing 40 g/ml the reactions. The oligonucleotide used for primer extension analyof the chromogenic ␤-glucoside 5-bromo-chloro-3-indolyl ␤-D-glusis was primer CAP3 (5Ј-CTGTCTCTGGATTGCCGAAATATG-3Ј), copyranoside (Sigma) were used to monitor the Bgl phenotype. and the extensions were separated on a 15% polyacrylamide urea sequencing gel. for chloramphenicol resistance (Cm r ). Bacteriophage P1 was grown Determination of the intracellular cAMP level was performed using on the pool and subsequently used to transduce BSN29. We sethe cAMP EIA system as described by the manufacturer (Amersham lected for Cm r and screened for large colonies in order to obtain a Pharmacia Biotech). All samples were analyzed twice. Average valderivative with the Cm r marker near the suppressor locus. One such ues of two independent experiments were calculated. colony, named JGJ310, was restreaked and thereafter backcrossed in order to determine the coupling grade. The coupling grade be-RNA Extraction and Northern Blot Analysis tween the Cm r transposon and the suppressor mutation was ‫%75ف‬ Total RNA was extracted from bacterial cultures at 50 Klett units, in strain JGJ310. DNA from strain JGJ310 was isolated, digested using the hot phenol method (von Gabain et al., 1983). Twenty microby HindIII, and then cloned into HindIII-digested pUC18 plasmid. grams of each RNA sample was loaded onto the gel. RNA blotting Transformants were selected by chloramphenicol resistance. By and hybridization were performed as described by Arnqvist et al.
Isolation of Suppressed Growth
sequencing outwards from the cat gene using primer Tn10CAT: (1992) . The probes used for analyzing the expression of the crp and 5Ј-GTAACGGCAAAAGCAC-3Ј, we determined that the transposon the fis mRNA were the following [␥-32 P]ATP kinase-labeled oligonuwas situated in the mutM gene. A coupling grade of 57% correcleotides: crp (5Ј-GGCAATGAGACAAGAACCATTCGAGAGTCGGG sponds to a gene distance of about 14 kb. The spo operon is approxi-TCTGTTTGCGGTTTGCCAAGCACC-3Ј); fis (5Ј-CCGGCTCCCATCT mately situated at that distance from mutM, and sequencing of the CGTAGCACAACGTCCGAAAAGGTCTGTCTGTAATGCCAGCC-3Ј).
spoT 
